Introduction
In nature, bacterial cells generally reside in large multicellular communities termed biofilms, or in case of association with a host, microbiomes (Kolter and Greenberg, 2006; Stewart and Franklin, 2008; Erez and Kolodkin-Gal, 2017) , rather than as free-living organisms (Jayaraman and Wood, 2008) . Community life provides unique protective properties which are beneficial to its members, allowing the population as a whole to survive extreme environmental conditions (Stewart, 2002; Fux et al., 2005) . The importance of studying biofilms and communities has become apparent in the past two decades, with the realization that domesticated strains of bacteria, historically used to screen for antibiotic substances, lack many of the multicellular attributes associated with biofilm formation, among them antibiotic tolerance (Bryers, 2008; Wood, 2017) .
The presence of collective behaviour in microbes poses an evolutionary problem: specifically, it is a challenge to explain the division of labour between reproductive and non-reproductive cells with individual-level selection models (van Gestel and Tarnita, 2017; Cooper and West, 2018; Zahavi et al., 2018) . Thus, models of biofilm formation are divided between single-cell and developmental models. The former attempt to explain how the organization of the biofilm can arise based on cell-cell interactions which are adaptive for individual cells (Klausen et al., 2006; van Gestel et al., 2012) . The latter assume that non-reproductive cells may gain indirect fitness benefits (Lyons and Kolter, 2017) , and assess the adaptive function of these behaviours at the population level. However, these approaches are not necessarily contradictory. Rather, they are complementary, each focusing on a different organizational principle: while the developmental model stresses the population-level role of cues in differentiation (O'Toole et al., 2000) , the singlecell model stresses the response of individual cells to a combination of environmental cues (Klausen et al., 2006) . In other words, adaptations of the biofilm structure do not rule out adaptive behaviours at the single-cell level.
Here, we present a synthesis of these approaches, emphasizing the overlooked possibility that secreted factors which are known to coordinate biofilm formation and facilitate interspecies competition may also facilitate competition within the biofilm, among phenotypically similar cells. Our contention is that, whereas the accumulative production of a signalling molecule by one subpopulation can cause another subpopulation to differentiate, the same signalling molecule may also convey information among cells within the signal-producing subpopulation.
This perspective of secreted factors is based on the handicap principle, which suggests that signals provide reliable information relating to the state of the signaller (Zahavi, 1975; Zahavi and Zahavi, 1997) . The handicap principle has been widely applied to signalling among multicellular organisms (Maynard Smith and Harper, 2003) ; however, only a handful of studies have attempted to apply it to intercellular signalling (Krakauer and Pagel, 1996; Zahavi and Perel, 2011; Weiss and Zahavi, 2012; Harris and Zahavi, 2013; Kölker, 2018) or to unicellular organisms (Nathon et al., 1995; Atzmony et al., 1997; Zahavi et al., 2018) .
A suitable model organism for studying collective behaviours and developmental processes in bacterial communities is the genetically manipulatable Grampositive soil bacterium Bacillus subtilis. B. subtilis can differentiate into a remarkably large number of distinct cell types, including motile cells, rafts of swarmer cells, genetically competent cells, matrix-producing cells and sporulating cells (López et al., 2009b) . The complicated gene-regulatory network of biofilm formation in B. subtilis is well-studied and provides a detailed picture of how this process is regulated. The main components of the B. subtilis extracellular matrix are exopolysaccharides (EPS), synthesized by the epsA-O operon-encoded genes, BslA, a surface hydrophobin (Kobayashi and Iwano, 2012; Hobley et al., 2013) and TasA, a functional amyloid, encoded in the three-gene operon tapA-sipWtasA Chu et al., 2006) . The master regulator controlling the switch to a biofilm lifestyle is the repressor SinR (Kearns et al., 2004) . In standard laboratory settings, several cues have been associated with biofilm maturation and assembly, including oxygen deprivation (Jayaraman and Wood, 2008; McLoon et al., 2011; Kolodkin-Gal et al., 2013; Liu et al., 2015; BloomAckermann et al., 2016) , small molecule sensing (López et al., 2009b) , calcium Mhatre et al., 2017) and physical cues (Asally et al., 2012; Rubinstein et al., 2012; Cairns et al., 2013) . Focusing on B. subtilis allows us to demonstrate our perspective in the context of specific mechanisms. We will test whether the handicap principle applies to signalling in B. subtilis biofilms. To function in this context, the handicap principle requires cell-cell variation which is predictive and correlative with the phenotypic state of the signaller .
The effect of phenotypic state on the production of secreted factors involved in biofilm formation
The secreted factors which coordinate biofilm formation are usually studied mechanistically; that is, the role of a signal is defined by its effect on receivers. From this perspective, the role of secreted factors in biofilm formation is contingent: at each developmental stage, when a specific secreted factor or combination of factors exceeds a threshold concentration, it triggers the differentiation of a subset of the population (López et al., 2009b) .
Alternatively, these factors can be defined according to the information they provide regarding the signalling cell. An informational approach to signalling assumes that receivers respond to signals because they provide them with potentially useful information, not because the receiver is programmed to respond. Below we briefly review the main signalling components involved in biofilm formation and aspects of their production. Variability in production and maturation may contribute conditiondependent variability to the level of their release by individual cells. Although additional signals were described in B. subtilis, we will focus on ComX, surfactin, TasA and the cannibalism toxins, being most relevant to complex biofilm communities.
ComX
The initial developmental transition in biofilm formation involves the peptide ComX. ComX is expressed by the entire biofilm population; at a certain cell density, its concentration activates the production of the lipopeptide surfactin in a subpopulation of 'surfactin producers' (López et al., 2009b; van Gestel et al., 2015b) (Fig. 1) . In turn, the production of surfactin by surfactin producers activates, in a concentration-dependent manner, the differentiation of another, distinct subpopulation into matrix producers (López et al., 2009b) , which synthesize and secrete the components of the extracellular matrix.
The expression of ComX has a unimodal distribution in the biofilm population (López et al., 2009b) ; thus, it can indicate the density of cells in the biofilm (Mehta et al., 2009) . While the overall population was found to be narrow around a single high value, an evident variation was found in the levels of expression between cells (López et al., 2009b) . Differences in the level of ComX produced by individual cells could arise from phenotypic properties which affect its synthesis; specifically, ComX processing can also serve as a source of variation. ComX is a 6-10 amino acid peptide derived from a 50-60 amino acid propeptide precursor (Magnuson et al., 1994) . It undergoes a posttranslational modification on its tryptophan moiety which is crucial for its activity; the absence of the tryptophan moiety or its modification abolishes its activity, while other residues appear to have less functional importance (Okada et al., 2005; Tsuji et al., 2011) . ComX contains two types of prenyl modifications on tryptophan residues: geranyl modification (as found in ComXRO-E-2) and farnesyl modification (as found in ComXRO-C-2). It is believed that ComX pheromones from other strains also contain either geranyl-or farnesyl-modified tryptophan residues. These post-translational modifications are essential for the biological activity of the ComX pheromone. Apart from ComX, however, no other proteins containing prenylated tryptophan residues have so far been identified. Interestingly, prenylation (farnesylation and geranylgeranylation) of the cysteine residue is a wellknown posttranslational modification. This modification was first discovered in peptide pheromones which induce conjugation tube formation in Basidiomycota and is thought to be involved in the interaction with other proteins and cell membrane localization (Tsuji et al., 2012) . In other words, prenylation is important for the function and localization of proteins, and could contribute to the function of this peptide pheromone. Whether the modification of ComX can reflect the physiological status of its producer remains to be determined.
Surfactin
The distribution of surfactin production, which is triggered by ComX (Piazza et al., 1999) , may similarly vary in relation to underlying properties of the producing cells. Surfactin is an enzymatically-synthesized lipopeptide of seven amino acids with a lipid side-chain, encoded by the srfAA operon (Nakano et al., 1991) , which is highly expressed in a specific 'surfactin producer' subpopulation (López et al., 2009b) . Interestingly, srfAA expression has a unimodal distribution in the biofilm population (van Gestel et al., 2015a,b) . The accumulation of surfactin triggers the differentiation of a subpopulation (distinct from the surfactin producer subpopulation) into matrix producers (López et al., 2009b) . In addition to the biased distribution of srfAA expression, the level of surfactin production will be further biased by the availability of substrates for its synthesis.
Surfactin production may also be limited by its toxic effects. Surfactin induces potassium-selective pore formation in the cell membrane (Sheppard et al., 1991) ; moreover, its signalling function is mediated by its toxicity, through the response to potassium leakage (López et al., 2009a) . These properties are also crucial for its non-signalling roles: surfactin facilitates expansion of the biofilm by lowering surface tension (Angelini et al., 2009; van Gestel et al., 2015a) and may also serve as a means of predation in interspecies competition . It has been suggested that surfactin producers are immune to its effects, as these cells do not differentiate into matrix producers (López et al., 2009b) . Interestingly, B. subtilis appears to be more resistant to its effects than other Bacillus species , possibly due to modifications of the cell membrane (Seydlová et al., 2013) . Similar interactions may occur between neighbouring cells, through the inhibition of surfactin production in cells with lower immunity, in a form of localized competition within the biofilm. As surfactin can be toxic at high concentrations to B. subtilis itself , it is feasible that it also serves as a local selective force in Fig. 1 . Differentiation within the biofilm with an emphasis on the maintenance of the motile cell niche. Solid lines with empty arrows denote transitions, solid lines with filled arrows denote secretion, and dashed lines denote signalling effects. Aside from self-renewal through division (A), motile cells (yellow) can differentiate into surfactin producers (cyan) or matrix producers (magenta). Surfactin functions as a signal promoting differentiation of motile cells to matrix producers (B). In turn, TasA secreted by matrix producers can promote sporulation (C). Matrix producers also secrete cannibalism toxins, which can kill motile cells, thus promoting the transition to matrix production (D). Spores can complete the bacterial life cycle by germinating (E), returning to the motile state.
two complementary levels. The first is the induction of lysis of the most vulnerable cells in the culture. This function is consistent with recent findings that identify surfactin as a self-identity determinant involved in the clustering of kin B. subtilis isolates with each other (Lyons et al., 2016) . The second is that, as surfactin can promote a collective non-flagellar motility of extracellular matrix (ECM) producers (van Gestel et al., 2015a) , it may facilitate transitions of collectives composed of both cell types within the biofilm microenvironment, generating a propagating front of ECM cells that can colonize new niches (Srinivasan et al., 2018) .
TasA
The subpopulation which responds to surfactin differentiates into matrix producers (López et al., 2009b) (Fig. 1) ; these cells produce the components of the extracellular matrix, including EPS and TasA Chu et al., 2006) . The matrix producer population is also an intermediate step towards sporulation, being characterized by a low level of activation of the sporulation regulator Spo0A . Although the secreted factors produced by these cells have been studied mainly from a point of view of their structural role, there are indications that cells in the biofilm sense and interact with extracellular components (Steinberg and Kolodkin-Gal, 2015) . Interestingly, the matrix protein TasA was shown to have the capacity to act as a toxin on non-producers (Stöver and Driks, 1999b) , similarly to phenol-soluble modulins produced by Staphylococcus aureus biofilms (Otto, 2014) . Therefore, it is feasible that matrix producers generate an environment that favours the same cell type.
TasA is encoded by tasA, the third gene in a threegene operon. The two other proteins encoded in this operon are also involved in the process of amyloid fibre formation. The second gene encodes SipW, a signal sequence peptidase with two known substrates. One substrate is TasA (Stöver and Driks, 1999a,b) ; the other is the first gene product of the operon TapA, a TasA anchoring/assembly protein. The complex processing of TasA depends on various properties of the cell, among them TapA levels and cell surface indicate potential cellcell variability useful for informative signalling (Romero et al., 2011) .
Cell-cell variability for TasA was also observed at the transcription level. Single-cell analysis indicates that there are at least three phenotypic states for TasA expression: cells that do not express tapA-sipW-tasA, cells that weakly express tapA-sipW-tasA and cells that strongly express tapA-sipW-tasA (van Gestel et al., 2015a,b) . Among ECM operons studied, this was a unique property of TasA, as EPS production was more classically bimodal.
Matrix producers (of both EPS and TasA) can differentiate further to sporulating cells, a phenotypically distinct subpopulation; this transition can be potentially induced through the action of a small peptide pheromone PhrA. In parallel to this cascade, at least three sensor kinases act upstream to the master regulator Spo0A and regulate development: KinD, acting as a phosphatase, seems to be inactivated by the matrix itself triggering the cells to undergo sporulation; KinA responds to the decrease of nutrients within the biofilm; and KinB responds to potassium leakage as well as the redox state of the cells (McLoon et al., 2011; Vlamakis et al., 2013; Cairns et al., 2014; Grau et al., 2015) . Interestingly, although the signals that shift cell fate to sporulation are distinct, sporulation takes place in a defined microenvironment, starting from the ridges and the centre of the biofilm simultaneously. This distribution is consistent with the high threshold of Spo0A-P for sporulation, and an integration of multiple cascades to achieve this threshold (McLoon et al., 2011) , or an alternate explanation where the high local concentrations of the extracellular matrix provide the critical cue to initiate sporulation (Aguilar et al., 2010) .
Cannibalism toxins
The matrix producer population also produces the toxin peptides SDP and SKF, which serve as cannibalism toxins (López et al., 2009a) . The cells which produce the cannibalism toxins also produce counter-mechanisms to neutralize them. Therefore, the toxins are proposed to lyse cells from other subpopulations, allowing the released nutrients to be utilized by matrix producers (Gonzalez-Pastor et al., 2003; . Cannibalism has been considered a pathway by which cells which have not yet sporulated may defer committing to sporulation by accruing nutrients from lysed neighbouring cells (López et al., 2009a) . The cannibalism toxins have also been proposed to have a role in interspecies competition, along with surfactin . Similarly to surfactin, these toxins can serve to eliminate the most vulnerable cells. This allows extracellular matrix producers, which are resistant to these toxins as they activate the Spo0A-P pathway, to dominate the biofilm's population (López et al., 2009a) .
There are other potential signalling functions of these toxins which do not involve cell death. SDP and SKF function through different pathways, with SKF having a more marked toxic effect than SDP (Gonzalez-Pastor et al., 2003) . Only the mechanism of action of SDP has been elucidated: it exerts a directly toxic effect by reducing the efficacy of energy production at the cell membrane (Lamsa et al., 2012 ). Yet SDP also has a self-regulating system which binds SDP at the cell membrane and increases the expression of the binding protein (Ellermeier et al., 2006) . This allows cells to respond to the concentration of SDP directly by increasing the level of the binding protein, rather than through its effect on energy production. As with ComX, SDP is produced through the processing of a longer propeptide (Perez Morales et al., 2013) ; the dynamics of this process could also add variability to the production of SDP. Thus, SDP can facilitate signalling within the matrix producer population.
Differentiation in the biofilm is flexible and often reversible
The integration of information at the single-cell level is relevant if the behaviour of these cells is not deterministic. Here, we briefly review the stages of differentiation in the biofilm in terms of their reversibility. Our conclusion suggests that, as opposed to other 'developmental' programs, differentiation in the biofilm is relatively flexible, and cell fate is far less obvious.
Biofilm development initiates from a motile 'undifferentiated' state towards a number of possible trajectories, which can be considered 'axes' of differentiation. Each axis is characterized by specific master regulators, the activation level of which determines the phenotype. The position along the axis is meaningful as the phenotype can be characterized by discrete levels of activation of the master regulator. The main axes, as defined by their regulators, are as follows: Spo0A, the regulator of sporulation, activates sporulation when in a high activation state, and matrix production in a low activation state ; ComK, which regulates genetic competence, and which involves an intermediate stage of surfactin production (Nakano et al., 1991; Sinderen et al., 1995) ; and DegU, which regulates the production of EPS degrading enzymes and proteases (Kobayashi, 2007; Veening et al., 2008) . A cell situated at the base of all three axes is in the undifferentiated motile state. Active cell death represents an additional transition; when activated by toxin-antitoxin systems, cell death often involves an intermediate persister state of a portion of the cells (Kaspy et al., 2013; Wen et al., 2014) . Differing from other transitions, cell death does not appear to define a distinct axis of differentiation that is mutually exclusive with other axes.
Despite the relative stability of the subpopulations of the mature biofilm, the differentiation of an individual cell is not obligated to follow a predefined sequence. At a single-cell level, the process is neither linear nor unidirectional: hypothetically, a cell may differentiate into a genetically-competent state, and later dedifferentiate before altering its developmental trajectory to sporulation.
A defined subpopulation is maintained in a motile, undifferentiated state (Houry et al., 2012) , while many of the other phenotypes composing a mature biofilm are not terminally differentiated, characterized by their ability to revert to motility (Chai et al., 2010) . Despite this flexibility, the spatial distribution of cell types in the biofilm is conserved under a variety of conditions (Wang et al., 2017) , suggesting that this stability does not require terminal differentiation; evidently, spatially-defined subpopulations are capable of maintaining intermediate cell fates (Fig. 1) .
Movement within this multidimensional differentiation space has rules. Importantly, as the master regulators act in a mutually exclusive manner (López et al., 2009b) , cells cannot transition directly between axes, but must first return to the undifferentiated state. In addition, while dedifferentiation can be induced through the degradation of SlrR (Chai et al., 2010) , and the dedifferentiation of matrix producers to the motile state is observed at a low rate at the edges of B. subtilis colonies (Vlamakis et al., 2008) , there is limited information on the dynamics of dedifferentiation processes.
Finally, transitions such as sporulation and cell death appear to be irreversible; however, in these cases there are alternative routes through which the cell may revert to motility. Sporulation initiates a form of dormancy that allows cells to survive extreme environmental conditions (Piggot and Hilbert, 2004) . This process requires the asymmetric division of the sporulating cell into an endospore and mother cell; the latter is non-reproducing (McKenney et al., 2012) . However, the endospore can germinate and thus complete the life cycle (Setlow, 2014) , returning to a motile state.
The irreversibility of cell death appears to be less ambiguous. The role of programmed cell death in multicellular organisms is well-studied; bacteria also possess diverse and highly regulated mechanisms of active cell death (Bayles, 2013) . In the biofilm, cell death plays a critical role in defining morphological features of the biofilm: cell death can promote the formation of channels (Asally et al., 2012) , which can counterbalance the effect of diffusion limitations on chemical gradients (Wilking et al., 2013) . Importantly, portions of the genome of lysed cells may be transferred to the remaining population. This could occur through active mechanisms of horizontal gene transfer which have been described in B. subtilis biofilms (Zafra et al., 2012) .
The dispersal of the cells composing the biofilm also demonstrates the stability of the biofilm structure, given that its composing cells partially retain the ability to return to a solitary form of life. Dispersal involves the deconstruction of the extracellular matrix along with reversion to the motile state. Dispersal can not only be induced through the addition of certain chemical cues (Oppenheimer-Shaanan et al., 2013) but also occurs naturally due to the accumulation of toxic factors in the biofilm (Barraud et al., 2006; Boles and Horswill, 2008; Karatan and Watnick, 2009) . While the biofilm can serve as a protective environment, many of the secreted factors and structural components are toxic, and so the same processes which generate the biofilm can eventually lead to its dispersal.
The possibility of dispersal, in addition to the reversibility of differentiation, suggests that specification of cell fate is an ongoing process even in the mature biofilm. Especially in the case of intermediate states, or the undifferentiated motile population, maintaining this state appears to require an ongoing balancing act; the factors influencing the scales in this case are the collection of cues in the extracellular matrix which represent the state of the biofilm. Although certain developmental trajectories require commitment, the phenotypic state of cells constituting the biofilm is more a function of its current environment, and not constrained by its developmental history.
Cell-cell signalling in multicellular development
Despite the usefulness of multicellular development as an analogy for the stages of biofilm formation, there are clear differences in the manner in which these processes are regulated (Monds and O'Toole, 2009 ). In particular, the role of differentiation in stabilizing the structure of the mature organism and its significance for individual cells are fundamentally different. In multicellular development, differentiation usually entails a series of irreversible transitions in its phenotypic state of a pluripotent cell towards a predetermined cell fate (Reik, 2007) . When differentiation results in a cell incapable of division and which cannot reverse this condition (by dedifferentiating), it is referred to as terminal differentiation. Indeed, in adult humans most somatic cells are terminally differentiated, with only specific niches of cells retaining the ability to proliferate and differentiate (Morrison and Spradling, 2008) .
Nonetheless, some challenges of cell fate stability are common to both systems. In terms of genetic regulation, the existence of a motile subpopulation in a mature biofilm poses a similar problem to that of stem cell niches in a multicellular organism: while the majority of the population differentiates, these cells must maintain their undifferentiated state, despite being exposed to cues promoting differentiation (Gattazzo et al., 2014) (Fig. 1) . As opposed to motile cells, stem cell niches do not contain pluripotent cells, but precursors of tissue-specific sets of cell types (Morrison and Spradling, 2008) . The role of stem cell niches in responding to injury is of particular interest due to their regenerative capabilities (Gattazzo et al., 2014) . The central nervous system, previously thought to be incapable of regeneration, reserves undifferentiated neuronal precursor cells in specific niches which can migrate and proliferate in response to cues (Kriegstein and Alvarez-Buylla, 2009 ). In addition, in zebrafish, certain glial cells are capable of dedifferentiating in response to cues in the region surrounding the injury (Hui et al., 2010) , which has been shown to play a role in the healing response to spinal injury (Baumgart et al., 2012) . The potential for regenerative therapies in humans, based on the dedifferentiation of endogenous cells, have focused efforts on elucidating the pathways which mediate regeneration in species such as zebrafish (Becker and Becker, 2008) .
Conclusion
Most approaches to modelling the transmission of information among cells in the biofilm focus on the information provided by the quorum-sensing effects of secreted factors (Jayaraman and Wood, 2008; Mehta et al., 2009) . Recently it was shown that some of these factors, specifically surfactin and the cannibalism toxins (Liu et al., 2010; Rosenberg et al., 2016) , can also facilitate interspecies competition, due to their toxicity. Here, we have suggested that they may additionally serve as signals within the population that produces them, facilitating competition among phenotypically similar cells.
For example, while surfactin and TasA have population-level effects in defining the matrix producer subpopulation, the variation of their production within the population which produces them could direct local migration of cells. This could occur directly through cell typespecific toxic effects which render the microenvironment inviable to specific phenotypes. The cannibalism toxins may likewise serve a signalling role within the matrix producer population, where they have less toxic effects. Although these cells are considered immune to this toxicity (Gonzalez-Pastor et al., 2003) , this requires an ongoing investment. If cells modulate the level of toxin production according to their ability to cope with the toxicity, inhibition of activity through the toxicity of a signal can serve as the basis of cell-cell signalling among phenotypically similar cells.
This possibility is of particular interest, considering that the B. subtilis biofilm is not stabilized by terminal differentiation, but by the maintenance of intermediate states: individual cells can dedifferentiate, while perturbations of the biofilm environment can cause its composing cells to disperse. In other words, the individuals composing the population constantly process environmental cues, including the accumulation of secreted factors within the biofilm, and can respond to changes (e.g. by dispersal). Thus, it is possible to view the maintenance of the biofilm structure and its differentiated subpopulations as an active process.
An emphasis on the information provided by a signal, as opposed to its effects, can indicate additional signalling functions. Prior to the proposition of reliable signalling in the form of Zahavi's handicap principle (Zahavi, 1975; Grafen, 1990; Maynard Smith, 1991; Zahavi and Zahavi, 1997; Maynard Smith and Harper, 2003) , mechanistic models predominated the study of animal signalling. The handicap principle emphasized the informational content of the signal, suggesting that, while responses to a signal may vary, the information it provides is directly related to its structure (Zahavi, 1975) . Despite its appropriation to the study of signalling among animals (Maynard Smith and Harper, 2003) , the handicap principle has not been widely applied to intercellular signalling. Importantly, this approach can predict additional signalling functions by speculating on the potential benefit that this information may provide putative receivers.
The more complex picture of differentiation gained from observing biofilms can be instructive regarding its definition in multicellular organisms. Dedifferentiation is sometimes viewed as an aberrant transition to a pluripotent state associated with the development of cancer (Feinberg et al., 2016) . As demonstrated by its facilitation of the regenerative capabilities of zebrafish, dedifferentiation in multicellular organisms is as much a regulated process as differentiation, and not necessarily pathological. In the biofilm, local competition within a subpopulation may also be beneficial to the biofilm as a whole, selecting out phenotypically inferior cells.
In the past few decades, biofilms have been extensively characterized owing to their prominent role in disease, and because of their increased antibiotic resistance as compared with planktonic cells (Bryers, 2008) . So far, multiple studies demonstrated that the environmental and physiological conditions are not homogeneous throughout a biofilm (Rani et al., 2007; Stewart and Franklin, 2008; Liu et al., 2015; Erez and Kolodkin-Gal, 2017) . Here, we suggest that secreted factors serve as an additional source of heterogeneity and selection within a biofilm, actively stabilizing distinct niches of different subpopulations within the biofilm tissue.
